A. The first genome-scale reconstruction of Rattus norvegicus 3 metabolism, iRno, and a significantly improved reconstruction of human metabolism, ipsa, are described. Gene expression changes in response to pharmaceutical compounds and environmental toxicants were used to derive biomarkers. For this purpose, a new al gorithm was developed: Transcriptionally-Inferred Metabolic Biomarker Response (TIMBR) estimates the feasibility of producing a metabolite given changes in gene expression.
1) The authors generated two GENREs for rats and humans and this reviewer was expecting to see major (significant) differences in the number of reactions, metabolites and associated genes included in both models. The differences in the number of the reaction s (7 reactions) and genes (3 genes) incorporated into both GENREs were extremely small whereas the number of the metabolites were identical. Considering that the paper is focused on the differences in the metabolism of the rats and humans, clear metabolic differences should be presented. Table 1 also should include the number of the genes included in each model.
2) Incorporation of 1103 manually reconciled GPR relationship rules in to HMR2 is definitely a significant improvement. Comparing the GPR rules in Recon1 and Recon2, how many of the rules are present only in iHsa? Are there any differences in the GPR rules between human and rats? What is the confidence for these GPR rules in different human tissues? These issues should be discussed in the manuscript.
3) The authors had an extensive literature search and found (small) differences in the number of enzymatic reactions between rats and humans. However how these differences affected the response of the hepatocytes to different pharmaceutical compounds a nd environmental toxicants? It should be clarified in the results section.
4) The authors compared the growth of rat and human hepatocytes. It is not clear how human and rat hepatocytes models are generated. What are the differences in the number of reactions carrying fluxes? Can the differences in growth be explained by the differences in the component of biomass equation ? 5) The authors focused on the differences in the response of rat and human hepatocytes. They should experimentally validate one of the biomarker specific to rats and humans to demonstrate the predictive power of their reconstructed models.
6) The authors use FBA to predict the maximum specific growth rate for rat and human cells. However, the inputs for these simulations are not well specified. This information is essential for assessment of these values.
Reviewer #3 (Remarks to the Author):
COMMENTS TO THE AUTHORS In this manuscript, the authors detail a comparative systems biology analysis between rat and human metabolism. The value of this analysis is to improve our understanding of rat models that are used for the study of human biology and medicine. The authors highlight specific examples which are faithfully captured by the models, namely that of vitamin C metabolism, gene expression changes in hepatocyte cells, and biomarker predictions.
The contribution also highlights the importance of reconstructing metabolic systems in other organisms and the need for reconciliation of systems biology models-an issue that is both timely and appropriate in this current state of systems science. The issue of lack of animal/organism specific highly curated reconstructions has been mentioned in several papers recently, and this study addresses this need; Nat Biotech 32: 447 -452 (2014) , Current Opinion in Biotechnology 34: 105-109 (2015) , Brief Bioinform: 1-12 (2015) . Perhaps this point should be brought out in the paper to strengthen the case for its timeliness.
The overall the manuscript was very well thought out and developed. Their algorithm for toxicogenomic analysis is interesting but just the amount of work they put into constructing their 2 reconstructions is very impressive by itself. This MS should be accepted for publication in Nature Communications.
MAJOR CONCERNS
Since the rat metabolome is studied in the context of human metabolism, is it surprising that 96% of all genes/reactions are shared? (line 90-zero species-specific reactions)
As one of the main messages of this article is to elucidate differences between rat -human biology in order to further translational impact of using rats as models for the translation of therapeutic strategies, the authors should make a clear statement in the discussion to clearly state how models such as these could be used in this degree. While the retrospective validation they provide is convincing, it would strengthen their claim to understand how such models could be used to discover new biology or therapeutic strategies.
MINOR CONCERNS
The authors should reference (in the main text) the major differences between iHsa and Recon2 as a result of their reconstruction process. Currently, they only mention the number of increased reactions that have been added to their model. Supplementary information, line 76-77: For cases where there were more than 2 rat orthologs for a human gene, how were the 2 replacement orthologs selected?
Supplementary information, Formatting complex GPR rules for TIMBR: Does the GPR formulation selected (i.e. redundancies grouped by subunit rather than complex) have any impact on the TIMBR predictions?
A. The first genome-scale reconstruction of Rattus norvegicus metabolism, iRno, and a significantly improved reconstruction of human metabolism, ipsa, are described. Gene expression changes in response to pharmaceutical compounds and environmental toxicants were used to derive biomarkers. For this purpose, a new algorithm was developed: Transcriptionally-Inferred Metabolic Biomarker Response (TIMBR) estimates the feasibility of producing a metabolite given changes in gene expression. Overall this paper is a very nice example of the power of models to understand toxicological responses in general, and species differences specifically.
Response:
We thank Reviewer #1 for summarizing key outcomes of this study and for offering positive remarks related to the overall contribution of this work.
B. This enormous work is an important step forward in the modeling of metabolism of both species. Sharing all of this in the supplementary material makes this a rich resource for others to build on.
Response: Thank you for these supportive comments related to the impact of this work as a resource for the modeling community.
C. The approach is sound. However, the description in the article itself is very superficial, often simply referring to extensive manual curation. It might be useful to describe more extensively in the main text how the GENRE is built, how it differs from more basic metabolic models, why the available rat network is so much smaller than the human, etc.
We now describe the model building process more extensively in the Fig. 1 caption and in the main text on lines 66-84. We have also added text at lines 78-80 to highlight differences between iRno and previously published rat metabolic networks that were created to perform metabolic flux analysis within the scope of central metabolism.
"GENREs of Rattus norvegicus (iRno) and Homo sapiens (iHsa) metabolism were constructed in parallel as an expansion of the Human Metabolic Reaction 2.0 database 15 (HMR2). To enable comparative systems analyses, we created a unified reaction database termed Ratcon1 that includes the superset of metabolic and transport reactions that occur in rats and humans. Each GENRE also includes gene-protein-reaction (GPR) rules to describe genotype to phenotype relationships that are organism-specific. To establish an initial draft GENRE of rat metabolism, we used orthology information to replace human GPR rules with rat GPR rules (Fig. 1a) . Next, we updated iRno and iHsa in parallel with 169 new reactions, 1103 manually reconciled GPR relationship rules, and over 5000 additional references to experimental literature and annotation databases [28] [29] [30] (Fig. 1b; Supplementary Table 1 ). Compared to previous human and mouse GENREs 12, 13, 15, 31, 32 , iRno and iHsa captured the highest numbers of total reactions, enzymatic reactions, reactions associated with complex GPR rules, and annotations to external databases ( Table I) . Because previous rat metabolic networks were created for the purpose of metabolic flux analysis within the scope of central metabolism, to our knowledge iRno represents the first genome-scale network model of rat metabolism. Furthermore, all reactions were reconciled for potential differences between rat and human networks which has not previously been described for existing mammalian networks ( Table I) . As a result, iRno and iHsa represent two of the most comprehensive metabolic reconstructions and the first pair of mammalian metabolic networks reconciled for comparative analyses to date." [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] I think a longer discussion of their progress (and lack thereof) of understanding metabolic pathways at a global level (compared to our understanding of gene networks) might flesh out the paper.
We have modified discussions on lines 427-436 to highlight progress on understanding metabolic pathways from a global perspective and included a statement to acknowledge the current understandings of gene networks on lines 435-436.
"With an improved understanding of rat and human metabolism at a global level, we can partially address inherent limitations in the use of rats to study human physiology and disease. Despite a surprisingly small number of species-specific differences at the genome level, individual differences at the gene level can alter network functionality. Unlike rats, humans exclusively rely on dietary sources of vitamin C, which may obfuscate the clinical translation of rat studies that have described vitamin C as a potential biomarker 7, 9 . The abundance and absence of β-muricholic acids in rats and humans, respectively, can have substantial implications within the context of toxicology because bile acids are frequently used as blood-based biomarkers of liver damage 8 . Furthermore, species-specific differences in gene network regulation and downstream cellular responses to stimuli have been observed but are not well understood 67 ." [427] [428] [429] [430] [431] [432] [433] [434] [435] [436] The use of orthologs to extrapolate from human to rats is nicely done, but it wasn't clear from the materials and methods if there was any attempt to manually check accuracy of the approach.
We have added a statement on lines [498] [499] [500] [501] [502] [503] [504] [505] to describe our efforts to check the accuracy of rat GPR rules as part of the curation process. Interestingly, the need to filter orthology annotations was only realized after manually checking rat GPR rules in the context of human GPR rules. As we continued to update GPR rules based on experimental literature and functional annotations, we were generally satisfied with the consensus-based approach.
"After applying automated methods to construct draft GENREs, rat and human GPR rules were manually examined in the context of experimental literature and functional databases. As part of the network reconciliation process, discrepancies were resolved for both rat and human GPR rules when possible. Manual changes frequently affected both rat and human GPR rules (Supplementary Table 1) , highlighting the reliance of this automated approach on the accuracy of GPR rules from the original model and the quality of orthology annotations. Interestingly, the need to filter orthology annotations was only recognized after manually inspecting evidence for both rat and human GPR rules." [498] [499] [500] [501] [502] [503] [504] [505] I'm not sure the example of vitamin C in the presence or absence of GULO is much of a testcase for the computational abilities of these models, since it is a somewhat simplistic example; the other examples are much stronger and should probably be emphasized with the vitamin C example in passing.
Response: Thank you for this constructive feedback. We have modified the main text to deemphasize metabolic differences associated with vitamin C synthesis [154] [155] [156] [157] [158] [159] [160] [161] .
Unlike humans, rats are capable of producing vitamin C (ascorbate) (Fig. 3a) and are thus resistant to scurvy 39 . iRno and iHsa captured this species-specific phenomenon with a new task that simulated de novo vitamin C synthesis in a glucose minimal media environment (Supplementary Table 4 ). The rat-specific enzyme, Gulo, is known to be responsible for this functional difference which limited the use of rat as a model organism for scurvy in the early 20 th century 39, 40 . This species-specific difference provides a simplistic example of how iRno and iHsa can be leveraged to investigate genetic engineering strategies that bridge the gap between rat and human biology (see Supplementary Fig. 4) . [154] [155] [156] [157] [158] [159] [160] [161] D. Does not apply. E. The findings described offer some face-validity. These tools and the novel TIMBRE approach will only in the future show their full reliability and usefulness.
Response: Thank you for this comment. We hope that the new experimental results related to TIMBR predictions described in response to point 5 of Reviewer #2's remarks provide additional confidence in these findings.
F. The TIMBRE approach is very promising and certainly represents a more ambitious attempt to understand species-specific metabolism with models than in the past. That having been said, the model is built on microarray data using a somewhat un-stringent cut-off for differential expression; a lot of assumptions (i.e. that downregulated reactions contributed more than upregulated to the reaction weights) and the predictive power appears hit or miss and comparing to experimental literature values (and it is unclear what the range or consistently of the experimental literature values are). This is to be expected given that is a proof-of-principle rather than an attempt to model, in detail, any specific reaction, but it might be a good idea to mention the potential problems in this approach and how it could be improved going forward (with more accurate kinetics, more consistent biomarker measurements, etc).
We have added text [712] [713] [714] [715] [716] [717] [718] [719] [720] [721] [722] [723] [724] [725] [726] [727] [728] to discuss potential limitations and improvements of the bioinformatics approach and the TIMBR algorithm. We also modified descriptions of the TIMBR method [658] [659] [660] [661] [662] [663] [664] [665] to clarify how one set of expression changes is transformed into two sets of reaction weights: reaction weights for the control condition are decreased by downregulated genes and reaction weights for the treatment condition are decreased by upregulated genes. To clarify the range and consistency of values used for validation, we included averages, standard deviations, and p-values for individual metabolic changes to Supplementary Table 7 for experimental values from literature as well as new data generated in response to Reviewer #2's remarks.
G. References are adequate. Reference 1 seems odd (avocado oil supplement on cardiovascular risk markers to make a general statement that rat research is important).
We have replaced Reference 1 on line 19 with a review on systems toxicology, preclinical drug development and biomarker discovery using rats.
H. Fine. A hint that the model its shared here would be good.
We have modified the text to indicate the availability of both the rat and human metabolic models online and within supplementary files. Code availability and Data availability statements have been added to include additional details related to sharing of these models (http://bme.virginia.edu/csbl/downloads) and relevant code (http://github.com/csbl/ratcon1).
Blais et al presented a genome-scale reconstruction (GENRE) of Rattus norvegicus metabolism, iRno, and an improved reconstruction of human metabolism, iHsa. The authors performed manual curation and compared the metabolic differences between the models for rat and human. The authors tested the capabilities of the models by predicting biomarkers for rat and human hepatocytes through integration of gene expression changes in response to 76 pharmaceutical compounds and environmental toxicants. They also provided literature-based evidence for antipyretic and anti-gout medicines and identified common metabolite biomarkers common to rats and humans. The ambition and conclusions of the paper are fitted with the scope of the journal. However, the presentation of the results is sometimes poor and unclear, and overall the rationale for generation of GENREs for rat is not well justified. In order to show the differences in the identified biomarkers specific to rat and human hepatocytes, the authors should generate additional experimental data. The readers of Nature Communications would expect novel results and experimental validation to support their predictions. Otherwise, it will be well-suited for a specialized journal. Below are some concerns:
Response: We would like to thank Reviewer #2 for summarizing the key outcomes of this study and for providing constructive feedback to improve the impact and clarity of this work. We have modified the introduction of the main text to include additional justification for building a GENRE of rat metabolism, which incorporates suggestions by Reviewer #3 to discuss the need for animal metabolic networks models and the need for examples of comparative metabolic network analyses. We trust that the revised manuscript has addressed Reviewer #2's general concerns related to presentation of results and the need for additional experimental validation. The new experimental data and associated analyses are described in more detail below.
General Concerns: 1) The authors generated two GENREs for rats and humans and this reviewer was expecting to see major (significant) differences in the number of reactions, metabolites and associated genes included in both models. The differences in the number of the reactions (7 reactions) and genes (3 genes) incorporated into both GENREs were extremely small whereas the number of the metabolites were identical. Considering that the paper is focused on the differences in the metabolism of the rats and humans, clear metabolic differences should be presented.
We also expected to find a large number of species-specific differences in the metabolic capabilities of rats and humans. Surprisingly, we were only able to identify 1 human gene and 7 rat genes that could be mapped to species-specific reactions with high confidence. We have updated the main text [102-111] to highlight why this result was unexpected and to clarify rat and human metabolic differences at the reaction-level. The total numbers of metabolites are identical across the two models because each metabolite can be consumed or produced by at least one other reaction. For example, exogenous nonhuman sialic acid can be used as a substrate by human sialyltransferases. While there were fewer differences in the total numbers of genes/reactions/metabolites than anticipated, there were significant differences in the mappings between genes and reactions ( Fig. 2) which can have significant impact on functional predictions of the network models.
"After network reconciliation, there was a high degree of confidence in the conserved metabolic functionality of iRno and iHsa. Unexpectedly, we found that rat and human metabolic networks were distinguished by as few as 8 unique enzymes. At the genome-scale, 99.6% of all geneassociated reactions were annotated with both rat and human genes (Supplementary Table 3) . We simulated the effects of species-specific differences on network connectivity and found that 41 biochemical or transport reactions were uniquely capable of carrying flux in either iRno or iHsa. This result was unanticipated because 739 flux carrying reactions from HMR2 had been disabled in the draft GENRE of rat metabolism. Despite extensive efforts to identify metabolic activities unique to rat or human genomes (see Supplementary Methods), most metabolic subsystems included zero species-specific reactions after manual curation (Fig. 1c) ." [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] Table 1 also should include the number of the genes included in each model. Table 1 to include the total numbers of genes represented in each model, replacing the numbers of model genes represented by GPR rules with fewer than 10 genes. Note that total numbers of genes do not necessarily reflect the comprehensiveness of metabolic network reconstructions, particularly when reactions like "protein kinase activity" are associated with highly redundant GPR rules. We also modified Table 1 to include average GPR sizes across gene-associated reactions in each model.
Response: We modified
2) Incorporation of 1103 manually reconciled GPR relationship rules in to HMR2 is definitely a significant improvement. Comparing the GPR rules in Recon1 and Recon2, how many of the rules are present only in iHsa?
Response: Of the 1103 reactions with manually reconciled GPR rules, 256 are unique to iHsa and not found in Recon 1, Recon2, or HMR2. However, direct GPR comparisons between models can be difficult to interpret, so we focused on comparisons between unique genes in the main text. We have modified the main text [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] to summarize important differences between iHsa and previous human metabolic networks: "Manual curation introduced major differences between iHsa and previous human GENREs beyond species-specific pathways. The average GPR size across enzymatic reactions decreased from 3.89 in HMR2 to 2.97 in iHsa (Table I) after removing 1424 human genes, most of which were associated with signaling pathways (Supplementary Table 1) . With an average GPR size of 1.97 (Table I) , Recon 2 shared 1531 of its 1733 genes with iHsa. Although Recon 2 shared 1677 genes with HMR2, iHsa and Recon 2 included complex GPR relationships that were absent in HMR2 (Table I ). In addition to modifying GPR rules, we also removed several reactions that were present in HMR2 (Supplementary Table 1) . Unlike Recon 1, Recon 2, and HMR2, iHsa does not include thermodynamically infeasible reaction loops that drive unrealistic rates of ATP production and H 2 O 2 detoxification with limited nutrients (see Supplementary Methods)." [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] Are there any differences in the GPR rules between human and rats?
Response: We state that GPR sizes were consistent for nearly 80% of reactions associated with both rat and human genes [128] [129] [130] , so at least 20% of shared enzymatic reactions were different by 1 or more genes. An example of a GPR rule that is different between humans and rats is illustrated in Fig. 2c .
What is the confidence for these GPR rules in different human tissues? These issues should be discussed in the manuscript.
Response:
We did not assign confidence to updated GPR rules in the context of different human tissues. Instead, we formulated GPR rules to capture all genotype to phenotype relationships possible. This allows users to instantiate tissue-specific models with the integration of expression data. Future studies that analyze tissue-specific metabolic networks based on iRno and iHsa would be necessary to evaluate the confidence of these GPR rules in tissuespecific contexts. We have updated the main text [134] [135] [136] [137] [138] [139] [140] to discuss tissue-specific models:
"Despite individual variations in GPR sizes and a handful of species-specific reactions, rat and human GPR rules remained relatively balanced at the genome-scale (Fig. 2a) and were not suggestive of any global differences in robustness within metabolism. However, these rat and human GPR formulations do not reflect potential tissue-specific differences in gene expression or enzyme regulation. Integration of such data into iHsa and iRno to generate tissue-specific models could be of significant interest in numerous biological contexts [13] [14] [15] 22, 23 ." [134] [135] [136] [137] [138] [139] [140] 3) The authors had an extensive literature search and found (small) differences in the number of enzymatic reactions between rats and humans. However how these differences affected the response of the hepatocytes to different pharmaceutical compounds and environmental toxicants? It should be clarified in the results section.
We have updated the main text on lines 322-327 to discuss the role of speciesspecific reactions in making the comparative biomarker predictions:
"Since most species-specific reactions take place in peripheral pathways (Fig. 3) , it is not immediately apparent that there would be species-specific differences in the ability to produce a metabolic biomarker under physiological constraints. However, TIMBR biomarker predictions can account for differences in gene expression patterns, which represent species-specific responses to a compound, with an explicit mapping of species-specific GPR rules as accounted for in iRno and iHsa (Fig. 2) ." [322] [323] [324] [325] [326] [327] 4) The authors compared the growth of rat and human hepatocytes. It is not clear how human and rat hepatocytes models are generated. What are the differences in the number of reactions carrying fluxes? Can the differences in growth be explained by the differences in the component of biomass equation?
Response: Thank you for these questions related to reconciled biomass formulations for rat and human hepatocytes. Growth rate differences are attributed to species-specific differences in the biomass compositions, specifically minor differences in the amount of essential amino acids in one unit of biomass. We have updated the methods [575-581] to reflect this observation and to clarify that physiological constraints for exchange reactions based on previously reported uptake and production rates for hepatocytes were the only hepatocyte-specific constraints applied to the generic models for growth rate simulations and biomarker predictions.
"Strict physiological constraints were defined as inputs (Supplementary Fig. 7 ) for quantitative predictions of maximum growth rates using the unified biomass reaction as the cellular objective for iRno and iHsa (see Supplementary Methods for additional details). It is important to note that upper and lower bound constraints were consistent across all shared rat and human reactions, including physiological constraints for exchange reactions. Thus, species-specific differences in growth rate predictions could be explained by minor differences in biomass requirements for essential amino acids." [575] [576] [577] [578] [579] [580] [581] 5) The authors focused on the differences in the response of rat and human hepatocytes. They should experimentally validate one of the biomarker specific to rats and humans to demonstrate the predictive power of their reconstructed models.
We have generated additional experimental data from primary rat hepatocytes for which there were human data available to validate biomarker predictions. We have modified the main text to include additional methods , results , and discussions [439] [440] [441] [442] [443] [444] [445] related to these new experiments. The experiments were designed to test claims that appeared in the original manuscript, specifically those related to human-specific predictions for theophylline (Fig. 6a) and similar rat predictions for theophylline and caffeine (Fig. 6d) . In total, we validated theophylline-induced biomarker changes predicted by iRno for five metabolites: glucose, urate, urea, citrulline, and glutamate. We present results from these new experiments in Fig. 7 . We also updated Fig. 6d-e to highlight all five metabolites with new experimental results (urea and urate were originally shown).
To demonstrate the power of iRno and iHsa in predicting species-specific differences, we experimentally measured theophylline-induced changes in glucose and urate levels for rat hepatocytes. Rat-specific predictions and compared the results to literature-based evidence in humans that supported human-specific predictions.
Because rat biomarker predictions for theophylline and caffeine were strongly correlated, we also measured theophylline-induced changes for three metabolites (glutamate, urea, and citrulline) that could be compared with caffeine-induced changes shown in Figure 5 . Results from these experiments demonstrated the power of these models in predicting changes in metabolite levels using comparative toxicogenomics data.
We have updated the main text on lines [574] [575] [576] [577] [578] [579] [580] [581] to define model inputs (physiological constraints for exchange reactions), model outputs (biomass compositions based on various independent datasets), and model assumptions (steady-state fluxes) for specific growth rate predictions. In-depth descriptions of how these parameters were formulated are available as Supplementary Information.
In this manuscript, the authors detail a comparative systems biology analysis between rat and human metabolism. The value of this analysis is to improve our understanding of rat models that are used for the study of human biology and medicine. The authors highlight specific examples which are faithfully captured by the models, namely that of vitamin C metabolism, gene expression changes in hepatocyte cells, and biomarker predictions.
We would like to thank Reviewer #3 for these remarks that emphasize the value of these comparative analyses in understanding rat models of human biology and medicine.
The contribution also highlights the importance of reconstructing metabolic systems in other organisms and the need for reconciliation of systems biology models-an issue that is both timely and appropriate in this current state of systems science. The issue of lack of animal/organism specific highly curated reconstructions has been mentioned in several papers recently, and this study addresses this need; Nat Biotech 32: 447-452 (2014) , Current Opinion in Biotechnology 34: 105-109 (2015 ), Brief Bioinform: 1-12 (2015 . Perhaps this point should be brought out in the paper to strengthen the case for its timeliness.
Response: Thank you for recommending these articles, they are highly relevant to this work. We have modified the introduction of the main text to emphasize the need for high quality animal metabolic networks and the importance of network reconciliation, especially for model organisms of human diseases. Two of these were added as #18 and #27.
"A GEnome-scale Network REconstruction (GENRE) of metabolism acts as a repository for all known biochemical and transport reactions for an organism. Several GENREs with thousands of human genes have been published [12] [13] [14] [15] while only core metabolic networks with dozens of genes are available for rat 16, 17 . A high-quality GENRE of rat metabolism is needed to bridge the knowledge gap that exists between humans and rats in clinical and basic science applications. The limited availability of highly curated GENREs for rats and other animals has been attributed to the substantial efforts required to manually construct a GENRE based on information from biochemical databases, genome annotations, and literature evidence 18 . A comprehensive collection of metabolic differences between rats and humans would be a valuable resource for understanding the applicability as well as the limitations of rats in preclinical drug development and biomarker discovery 10, 11 . Human GENREs have been used to predict metabolic biomarkers for inborn errors of metabolism (IEMs) 13, 19 and to analyze the metabolic effects of therapeutic strategies in the context of cancers, toxicology, and diabetes 14, 15, 20, 21 . Computational methods for integrating gene and protein expression measurements into GENREs have been developed to generate context-specific metabolic networks and enable comparative predictions across individual patients, treatment conditions, and tissue-types 15, [22] [23] [24] . Resolving metabolic differences between rat and human GENREs would enable cross-species comparisons as previously described for bacterial GENREs 25, 26 . However, the lack of unified standards for metabolic networks 27 has limited the development of computational frameworks for analyzing species-specific differences between GENREs." The overall the manuscript was very well thought out and developed. Their algorithm for toxicogenomic analysis is interesting but just the amount of work they put into constructing their 2 reconstructions is very impressive by itself. This MS should be accepted for publication in Nature Communications.
We appreciate the encouragement.
MAJOR CONCERNS
Response: Yes! We were very surprised to find that the majority of reactions were shared by both rats and humans. We originally anticipated that we could easily find at least 10 humanspecific reactions in addition to more than 50 reactions originally annotated as human-specific after automated generation of the initial draft rat reconstruction. Surprisingly, we found evidence of rat orthology for all but 1 of the reactions originally annotated as human-specific and we did not identify any new human-specific annotations during the manual curation process. We have updated the main text on lines [102-111] to convey our findings related to species-specific differences, facilitating the transition to the analysis shown in Figure 1c . Because speciesspecific differences rely on evidence for the existence of function in one organism and evidence for the absence of function in another, species-specific differences may remain undiscovered due to insufficient evidence related to rat metabolism, particularly for subsystems in which rat genes are studied less extensively relative to human genes.
"After network reconciliation, there was a high degree of confidence in the conserved metabolic functionality of iRno and iHsa. Unexpectedly, we found that rat and human metabolic networks were distinguished by as few as 8 unique enzymes. At the genome-scale, 99.6% of all geneassociated reactions were annotated with both rat and human genes (Supplementary Table 3) . We simulated the effects of species-specific differences on network connectivity and found that 41 biochemical or transport reactions were uniquely capable of carrying flux in either iRno or iHsa. This result was unanticipated because 739 flux carrying reactions from HMR2 had been disabled in the draft GENRE of rat metabolism. Despite extensive efforts to identify metabolic activities unique to rat or human genomes (see Supplementary Methods), most metabolic subsystems included zero species-specific reactions after manual curation (Fig. 1c) ." [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] As one of the main messages of this article is to elucidate differences between rat-human biology in order to further translational impact of using rats as models for the translation of therapeutic strategies, the authors should make a clear statement in the discussion to clearly state how models such as these could be used in this degree. While the retrospective validation they provide is convincing, it would strengthen their claim to understand how such models could be used to discover new biology or therapeutic strategies.
Response:
We have expanded discussions in the main text [439] [440] [441] [442] [443] [444] [445] to state how these reconciled rat and human metabolic networks can be used to translate therapeutic strategies from preclinical studies to clinical trials.
"The comparative toxicogenomics workflow developed in this study could be used to further the translational impact of rats in biomarker discovery by highlighting metabolic biomarkers that should be avoided. Using relative changes in gene expression, we demonstrated the sensitivity of the TIMBR algorithm in predicting species-specific differences related to glucose and urate production in response to theophylline. With the ability to analyze biomarker predictions between treatments and across metabolites, TIMBR could also be informative in prioritizing biomarkers that are sensitive for a specific toxicological response." [439] [440] [441] [442] [443] [444] [445] MINOR CONCERNS The authors should reference (in the main text) the major differences between iHsa and Recon2 as a result of their reconstruction process. Currently, they only mention the number of increased reactions that have been added to their model.
We have added descriptions of major differences between iHsa and Recon 2 in the main text on lines [231] [232] [233] [234] [235] [236] [237] [238] [239] [240] [241] [242] related to network reconciliation and on lines [244] [245] [246] [247] [248] [249] [250] [251] [252] [253] [254] related to other curation efforts. In the article describing HMR2, Mardinoglu et al. stated that all reactions and genes from Recon 2 were also present in HMR2. Although we could not independently confirm this claim without annotations between all Recon 2 and HMR2 reaction identifiers, we have manually verified that newly added reactions were mostly absent from Recon 2.
"Network reconciliation significantly improved both iRno and iHsa. Although most species-specific functions described above are unique to rats, we discovered that previous human GENREs included rat-specific reactions associated with purine degradation, nonhuman sialic acid synthesis, and glycine metabolism. As a result, rat-specific reactions were not only added to iRno but also removed from iHsa. By resolving species-specific differences in the purine degradation pathway, we removed reactions from iRno and iHsa that allowed Recon 2 13 and HMR2 15 to degrade urate into urea (Supplementary Table 1) , a function known to be absent in mammals but present in other vertebrates including fish 42 . While curating bile acid metabolism, we removed intracellular reactions involved in secondary bile acid synthesis (Fig. 3f) that should only take place in the mammalian gut and added new bile acid transport reactions (Supplementary Table   1 ). These examples highlight how reconciling differences between rat and human metabolism guided the improvement of iHsa compared to HMR2 and Recon 2.
